Choline is needed for the maintenance of the structural integrity and signaling functions of cell membranes, for neurotransmission, and for transport of lipids and as a source of methyl groups. Choline can be made de novo in the body, but some individuals must also obtain choline in the diet to prevent deficiency symptoms. A number of environmental and genetic factors influence dietary requirements for choline, and average intakes in the population vary widely. Therefore, certain individuals may be at greater risk of choline deficiency. Choline is critical during fetal development, particularly during the development of the brain, where it can influence neural tube closure and lifelong memory and learning functions.
Nutritional Importance of Choline
Choline is an essential nutrient for humans and is necessary for the normal function of all cells. As a critical component of the cell membrane, it ensures the structural integrity and signaling functions of the cell. Choline is also used for neurotransmission (as the metabolite, acetylcholine), is a major source of methyl donors, and is required for lipid transport from the liver. 1 Considering these many diverse roles, choline deficiency can cause disorders in many bodily systems, including liver, muscle, and lymphocytes in humans and, additionally, the kidney, pancreas, and developing brain and nervous system in animals. A major role of choline is to serve as a precursor for the synthesis of membrane phospholipids, specifically phosphatidylcholine (shown in Figure 1 ). Phosphatidylcholine is the predominant phospholipid in mammalian membranes (>50%) and is critical for maintaining cell structure and facilitating cell signaling and transport across the membrane. 2 Choline can also be found in sphingomyelin, another membrane phospholipid formed from phosphatidylcholine. Most of the phosphatidylcholine is synthesized from free choline using the cytidine diphosphocholine pathway. 1 However, about 30% of phosphatidylcholine can be made by the sequential methylation of phosphatidylethanolamine (another membrane phospholipid) by the enzyme phosphatidylethanolamine methyltransferase (PEMT). By this pathway, the body can make choline de novo. However, this pathway is insufficient to supply all of the body's need for choline; thus, choline remains an essential nutrient.
Choline deficiency causes clinical illness in humans.
Only a small amount of dietary choline is metabolized to form acetylcholine, a neurotransmitter frequently used by the nerves controlling breathing, heart rate, and skeletal muscles. Acetylcholine is also important in the portions of the brain responsible for memory and mood. 2 Because the rate of acetylcholine synthesis is most likely determined by choline availability (or, possibly, acetyl-CoA), dietary choline intake may directly affect cholinergic stimulation.
Choline can be metabolized to betaine, which is used as an osmolyte in the kidney and also as a source of methyl groups. There are at least 50 known methylation reactions identified in mammals, with the largest consumers of methyl groups being biosynthetic reactions such as biosynthesis of creatine and phosphatidylcholine. 3 However, DNA is also methylated, and this modification can influence gene expression. Alterations in DNA methylation have been linked to diseases such as cancer and syndromes involving chromosomal instabilities. 4 DNA methylation is also responsible for imprinting during the prenatal period, 5 which may influence disease susceptibility later in life. As a methyl donor, betaine metabolism is intimately connected to the metabolism of folate, vitamin B 12 , and methionine, as shown in Figure 2 . The role of each of these nutrients in 1 carbon metabolism and their dependence on each other reinforce the physiological importance of methyl group availability.
Phosphatidylcholine is a critical component of very-low-density lipoproteins, which are responsible for transporting triglycerides out of the liver. One of the first clinical signs of dietary choline deficiency is the development of fatty liver (hepatosteatosis) resulting from the lack of phosphatidylcholine to package and export very-low-density lipoproteins. 6 Prolonged deficiency of dietary choline in rodents can lead to the spontaneous development of hepatocarcinoma. 7 Choline deficiency is the only nutrient deficiency shown to induce the development of spontaneous carcinoma. Liver damage in humans resulting from inadequate dietary choline can also be detected by elevations in serum aminotransferases. 8 Similarly, elevations in muscle enzymes (eg, serum creatine phosphokinase) can occur in humans during choline deficiency. 9 Muscle membrane integrity seems to be compromised, which may contribute to cell death and leakage of enzymes into the blood. 10
Choline and betaine are methyl donors involved in 1 carbon metabolism with vitamin B 12 , folate, and methionine.
Dietary Requirements and Intake
The human requirement for dietary choline was officially recognized in 1998 with the establishment of adequate intake recommendations by the Food and Nutrition Board of the US Institute of Medicine. 11 Before this time, choline was not considered essential because it could be synthesized endogenously via the PEMT pathway. However, studies in patients receiving low-choline solutions intravenously determined that endogenous synthesis was insufficient to prevent liver and muscle dysfunction characteristic of choline deficiency. 8,12 The adequate intake and upper limit (UL) values for dietary choline are listed in Table 1 . The UL was determined as the lowest level for observed adverse effects (hypotension).
The average choline intake for humans on an ad libitum diet is about 600 mg/d for men and 450 mg/d for women. However, food frequency questionnaires usually result in estimates of choline intake that are lower (250−500 mg/d). Choline is found in a wide variety of foods (http://www.nal.usda.gov/fnic/foodcomp/data/Choline/Choline.html). 13 Because phosphatidylcholine is found abundantly in mammalian cell membranes, some of the best sources of choline include eggs and organ meats. Legumes and wheat germ are also good sources. Human milk is a rich source of choline, but soy-and casein-derived infant formulas sometimes contain less choline than human milk does unless choline is added to the formula during processing. 14 Lecithin, which is another name for phosphatidylcholine, is often used as an emulsifier in commercial food processing and can increase the choline content of the food product.
Factors Influencing the Choline Requirement Sex
Choline requirements seem to differ by sex and stage of life. 1 Men and postmenopausal women are more likely than premenopausal women to develop signs of organ dysfunction on a cholinedeficient diet. The reason for this disparity is currently under investigation, but it is most likely caused by estrogen's ability to enhance de novo synthesis of choline. Female rats make more phosphatidylcholine via the PEMT pathway than do male rats, 15 and this increase in PEMT activity is linked to estrogen status. 16 Furthermore, a study in castrated rats observed an increase in hepatic PEMT activity after treatment with estradiol. 17
Pregnancy and Lactation
Choline is important for the brain development of the fetus and the maintenance of homocysteine concentrations during pregnancy. 1 Maternal plasma choline can become depleted because of increased transport from mother to fetus. The placenta and amniotic fluid store large amounts of choline, presumably to ensure that adequate choline is delivered to the fetus, and plasma choline concentrations are up to 7-fold higher in fetuses and neonates than in the mother. 1 Breast milk also has high concentrations of choline. 14 Although estrogen levels rise in pregnancy, which may allow for increased de novo synthesis of choline, dietary intake of choline is still critical. 18 Shaw and colleagues 19 found an increased incidence of neural tube defects in women consuming less than 300 mg choline per day during pregnancy compared with women consuming more than 500 mg/d.
The demand for choline is increased in pregnant and lactating women, as well as postmenopausal women and men.
Clinical Status
Choline requirements are also important to consider in clinical practice. Up to 84% of patients on total parenteral nutrition experience low plasma choline concentrations as well as fatty liver and liver damage. 12 In many patients, fatty liver was resolved with choline supplementation and returned when standard total parenteral nutrition was reinstituted. 12 Folate, Vitamin B 12 , and Methionine Nutriture As mentioned previously, choline, folate, vitamin B 12 , and methionine metabolisms are interrelated (Figure 2 ). Thus, a disturbance in the availability or metabolism of 1 nutrient results in compensatory changes in the others. For example, animals and humans who are choline deficient have a higher demand for dietary folate because a greater supply of methyltetrahydrofolate is required to regenerate methionine from homocysteine. 20 Likewise, a folatedeficient diet increases the demand for choline, 21 and if dietary intake is inadequate, choline will become depleted. A deficiency in vitamin B 12 , required for the recycling of folate, would likely increase the demand for choline as well. Elevated plasma homocysteine levels are frequently seen when any of these deficiencies occurs. 1
Gene Polymorphisms
When placed on a low-choline diet, only 68% of individuals developed signs of organ dysfunction characteristic of choline deficiency. 9 This suggests that genetic variability among individuals may influence susceptibility to choline deficiency. Several of the enzymes responsible for methyl group metabolism are encoded for by genes that have single nucleotide polymorphisms (SNPs) that may alter gene expression or enzyme function. A very common genetic variation in folate metabolism that has been linked to risk of neural tube defects is the 5,10-methylenetetrahydrofolate dehydrogenase 1958A (MTHFD1) allele (rs2236225). Premenopausal women carrying this polymorphism were found to be 15 times more likely than noncarriers to develop signs of choline deficiency on a low-choline diet. 22 It is likely that the variant MTHFD1 gene decreases the availability of methyl-tetrahydrofolate, thereby increasing the demand for choline as a methyl donor.
Common variations in genes involved in choline metabolism have also been found to influence susceptibility to choline deficiency. Of particular interest is an SNP located in the gene encoding for PEMT, (rs 12325817) the enzyme responsible for de novo choline synthesis. More than half of the population has at least 1 allele with this polymorphism, and women with this SNP were 7 times more likely to develop signs of choline deficiency when dietary intake of choline was insufficient. 9 It is likely that this SNP results in a partial loss of PEMT enzyme function and a decrease in de novo choline synthesis. Interestingly, this SNP was not associated with increased risk of choline deficiency in men, suggesting that this SNP may be involved in estrogen's ability to induce PEMT. Another polymorphism found in choline dehydrogenase (CHDH), the enzyme responsible for the conversion of choline to betaine, conferred protection from choline deficiency when dietary intake is inadequate. 9 This protection may result from the conservation of choline for membrane synthesis as its conversion to betaine is reduced.
Gene polymorphisms also increase risk of choline deficiency.
Importance of Choline During Brain Development
Folate is important for proper closure of the neural tube in the early stages of brain development. In fact, 50% or more of neural tube defects can be prevented by adequate dietary folate intake in the mother. Because folate metabolism and choline metabolism are closely related, a recent retrospective case-control study examined the relationship of dietary choline intake and incidence of neural tube defects. 19 Women in the lowest quartile of choline intake (<300 mg/ d) had 4 times the risk of having a baby with a neural tube defect than did women in the highest quartile of intake (>500 mg/d). Similar effects of choline intake and risk of orofacial clefts were observed. 23 Thus, low choline intake may increase the risk of neural tube defects. Folate and choline both play an important role in methyl group availability; therefore, methylation reactions may be the mechanism by which these 2 nutrients affect neural tube closure.
Recently, a thorough review of the literature by McCann et al 24 highlighted 34 studies in rodents that examined the relationship of choline during development and cognitive outcomes. The evidence strongly suggests that choline supplementation during pregnancy contributes to changes in neurological function in the fetus and an improvement in postnatal cognitive and behavioral tests. There is also evidence that choline deficiency leads to decrements in some measures of learning and memory. 25 There are no current studies of choline supplementation and effects on brain development in humans during the perinatal period; thus, the relevance of rodent studies to the human condition remains to be determined.
The area of the brain that seems to be the most sensitive to choline availability for appropriate development is the hippocampus. 2 This region of the brain plays an important role in memory and learning and is one of the few areas of the brain where nerve cells continue to multiply slowly throughout adulthood. In rodents, the time period where changes in choline availability most significantly alter the development of the hippocampus is days 11 to 18 of gestation and postnatal days 16 to 30. 25 These periods of development coincide with periods of neurogenesis and synaptogenesis. During neurogenesis, neuronal precursor cells proliferate, migrate, and differentiate to neurons. Supplemental choline during this critical period enhances proliferation and differentiation, whereas choline deficiency decreases proliferation and differentiation. Choline deficiency also increases the rate of neuronal cell death. 1 In humans, hippocampal development begins around the 56th day of pregnancy and continues until 4 years after birth. Although the effects of choline on fetal hippocampal development have been examined exclusively in rodent models, the development of the brain is similar in rodents and humans.
Maternal supplementation or deficiency in choline in laboratory animals can cause permanent alterations in the developing brain that will last for the lifetime of the offspring. Several studies have examined offspring of choline-supplemented dams up to 2 years of age. 24 Even animals exposed to supplemental choline for only 6 days during gestation showed enhanced performance in spatial and memory tasks at 2 years of age compared with nonsupplemented animals. 25 Neuronal structure and biochemical markers are also changed for the life of the animal when exposed to supplemental choline in utero. Neurons of the hippocampus have a larger cell body and a greater number of dendritic branches, and long-term potentiation, a marker of learning and memory, is enhanced. 2 Alternatively, animals deprived of choline during days 11 to 18 of gestation had diminished long-term potentiation. Choline supplementation during the perinatal period also improved cognitive deficits resulting from prenatal exposure to alcohol, suggesting that choline may prevent some of the structural or functional changes associated with alcohol exposure. 26
Summary
Choline is now recognized as an essential nutrient for humans. However, continuing research is needed to determine how sex, genetic variation, life stage, and other environmental factors may influence an individual's requirement for this nutrient. Choline may be especially important during pregnancy when it modulates proliferation of stem cells needed to form a normal fetus. Furthermore, it may influence brain development throughout gestation, and these influences may continue throughout the life span. Choline deficiency has been associated with liver and muscle damage and increases in homocysteine (a risk factor for heart disease) after a methionine load. 27 Recent reports suggest that choline metabolism may also play a role in diabetes, cancer, and cystic fibrosis. 28 Structures of important choline-containing molecules. Interrelationship of choline, homocysteine, and folate metabolism. PtdCho indicates phosphatidylcholine; PtdEth, phosphatidylethanolamine; Hcy, homocysteine; AdoMet, sadenosylmethionine; AdoHcy, s-adenosylhomocysteine; THF, tetrahydrofolate; DMG, dimethylglycine. 
